The human immunodeficiency virus type 1 (HIV-1) transcriptional promoter contains a single polymorphism in the TATA box. Most subtypes contain the sequence TATAAGC, but subtype E and some recombinant AG strains have the sequence TAAAAGC. Based on mutagenesis studies of cellular RNA polymerase II (pol II) promoters, it has been proposed that the subtype E TATA box is nonfunctional due to the T-to-A substitution at the critical position 3. By means of transcription and virus replication assays, we demonstrate that the true TATA box motif within the viral long terminal repeat (LTR) promoter starts two nucleotides further upstream. Because of this realignment, subtype E has the sequence CATAAAA and all other subtypes have the sequence CATATAA. The polymorphism therefore has shifted from position 3 to position 5 and is no longer incompatible with efficient transcription according to rules determined for cellular pol II promoters. In addition, through sensitive competition experiments, we demonstrate that the CATA box of subtypes B and E can be improved for replication by the mutations 1T and 5T, respectively. The fact that the fitness of both subtype LTRs can be increased by specific point mutations in the CATA box suggests that the transcriptional promoter of HIV-1 is fine-tuned towards a suboptimal level of replication. However, this replication rate may be optimal in the in vivo context of an infected individual.
The current AIDS pandemic is caused by at least nine human immunodeficiency virus type 1 (HIV-1) subtypes (termed A through K) and an increasing number of recombinant forms. The clustered dispersal of the HIV-1 subtypes around the world raises questions concerning the determinants that have shaped this pattern. A possibility is that some subtypes spread faster due to an elevated replication rate or more efficient transmission (5, 8, 10, 11, 22, 23) . Alternatively, the current geographical distribution might have originated due to chance. Recently, we and others have shown that the viral long terminal repeat (LTR) contains subtype-specific transcription factor binding sites (TFBS), which influence the replication rate in a subtype-specific manner (9, 15, 26) . Moreover, the exact strength of the promoter depends on the interaction between the TFBS in the LTR and the pool of active transcription factors in the cellular environment (26) . The LTR can be subdivided into the U3, R, and U5 regions, the first two of which are essential for transcription. Depending on the HIV-1 subtype, different combinations of TFBS, for instance, ETS-1, AP-1, NF-B, and Sp-1, are found in the U3 region. Upon transcription, the R region of the nascent transcript folds the TAR hairpin, which interacts with the viral transactivator protein Tat to fully activate transcription. The HIV-1 TATA box is located 28 bp upstream of the transcription start site in the U3 region (4, 20) . This important transcriptional motif comes in two variants; most subtypes have the sequence TATAAGC, but all subtype E isolates and some recombinant AG strains (CRF02-AG) have TAAAAGC (Fig. 1) . It has been suggested that the subtype E TAAAAGC box may not be functional because the point mutation violates the rules for an active TATA box (7, 30) . In this study, we set out to determine whether this variant subtype E TAAAAGC box is functional and whether it can be exchanged with the regular TATAAGC sequence.
The majority of eukaryotic genes, including the proviral genome of HIV-1, encode an RNA polymerase II (pol II) promoter with a TATA box resembling the consensus sequence TATAAAA. The TATA binding protein (TBP) binds in the minor groove of this motif as one of the first steps towards initiation of transcription. TBP is highly conserved across many species; the DNA binding domain is identical in humans and mice, and there is 80% amino acid similarity between human and yeast TBPs (21) . There is little free TBP in mammalian cells; it rather is present in complexes with other proteins referred to as TBP-associated factors (1) . TFIID is the ϳ750-kDa TBP-containing complex that interacts with the TATA box and an extensive flanking region of ϳ70 to 80 bp (21) . There are at least seven positions within the TATA box that can have a strong effect on the level of transcription. Mutagenesis of the TATA box in yeast and human model systems has revealed the impact of nonconsensus nucleotides at these positions on the transcriptional activity (7, 18, 30) . The highest activity is measured for a TATA box that consists exclusively of T's and A's (TATAAAA). The third position is one of the most critical residues and must be a T (7, 18, 30) . This rule is broken by the TATA box of HIV-1 subtype E (TAAAAGC), which suggests that this motif may not be functional. Nevertheless, the subtype E LTR is fully active as a transcriptional promoter in transient-transfection assays and virus replication studies (9, 15, 26) . Four hypotheses were previously put forward to explain this apparent contradiction (9, 13) . First, it was thought that there may be an alternative TATA box elsewhere in the LTR that makes up for the nonconsensus TATA box at position Ϫ28, but this possibility was subsequently ruled out (9) . Second, it was thought that the nonconsensus TAAAAGC box may be compensated for by subtype E-specific mutations in the TAR hairpin (13); however, this explanation was contradicted by sequence data (16) and experimental results (9) . Third, subtype E may use the nonconsensus TAAAAGC box due to compensatory mutations in other TFBS. Fourth, transcription in subtype E may be regulated by a TATA-less promoter (17) .
We tested two sets of TATA box mutations in transient LTR-luciferase transfection assays and in virus replication studies. The results unequivocally demonstrate that HIV-1 does not use the previously defined TATA box (TATAAGC) but instead uses the motif that starts two nucleotides upstream: the CATA box (CATATAA). In this realigned sequence context, the subtype E-specific mutation affects position 5 of the CATA box instead of position 3 (CATAAAA). Such sequence variation at position 5 has only a minor effect on the transcriptional activity of the LTR, a result that is consistent with previous mutagenesis studies with other promoters. Thus, the TATA box of all HIV-1 viruses has been misnamed and misplaced and should be a CATA box, a sequence motif that is used by approximately 12% of cellular pol II promoters.
MATERIALS AND METHODS
LTR-luciferase constructs and HIV-1 molecular clones. The pBlue3ЈLTR-luciferase constructs contain a subtype-specific fragment from either subtype B or E (LTR positions Ϫ147 to ϩ63). These pBluescript KS(ϩ) derivatives were described previously (9) . TATA box mutants were made in the pBlue3ЈLTR intermediate plasmid through a PCR strategy with a mutagenic primer (9) . Subsequently, the XhoI-BglI fragment with the subtype-specific LTR and the mutated TATA box was inserted into the pBlue3ЈLTR-luciferase plasmid. Molecular HIV-1 clones with a subtype-specific B and E LTR were described previously (26) . Molecular clones with a mutant TATA box were obtained by insertion of the respective XhoI-HindIII fragments of pBlue3ЈLTR into the 3Ј LTR of the molecular clone pLAI from subtype B (19) . The 3Ј LTR is inherited in both LTRs of the viral progeny after the first round of virus replication. The R region (including the TAR element) is inherited from the 5Ј LTR sequence. Therefore, all viruses contain a mutant LTR segment from position Ϫ147 to Ϫ1, including the TATA box, but contain the wild-type (wt) TAR element of subtype B.
Cell lines. The human lymphocytic SupT1 T-cell line (2) was cultured in RPMI 1640 (Gibco BRL) supplemented with 10% fetal calf serum, penicillin (100 U/ml), and streptomycin (100 U/ml). The cervical carcinoma cell line C33A and HeLa cells (ATCC HTB31) (24) were cultured in Dulbecco's modified Eagle's medium (Gibco BRL) with the same supplements. All cell lines were kept at 37°C with 5% CO 2 .
Transfection and luciferase assay. C33A and HeLa cells were grown as monolayers and transfected by the calcium phosphate method as described previously (6) . To determine the basal transcriptional activities of the different LTR-luciferase constructs, we transfected 20, 40, and 100 ng of plasmid DNA. Mutant LTR activity was calculated relative to that of the wt LTR which, was set at 1 for each experiment. Tat-activated levels of transcription were determined in cotransfections with 20 and 40 ng of the LTR-luciferase construct and 30, 50, and 100 ng of pcDNA3-Tat (27) . All measurements were performed in the linear range of LTR transcriptional activity. Transient-transfection assays were performed six to eight times with different preparations of the LTR-luciferase plasmids. Luciferase expression of the first set of mutants was determined 2 days after transfection. Cells were harvested, washed with phosphate-buffered saline and solubilized in reporter lysis buffer (Promega) for 45 min at room temperature. Samples were diluted 1 in 10 in reaction buffer (3.3 mM ATP, 25 mM glycylglycine [pH 7.8], 15 mM MgSO 4 , 100 g of bovine serum albumin/ml) with 1 mM luciferin (Boehringer Mannheim). For the second set of mutants, we performed a cotransfection with a renilla-encoding plasmid (dual luciferase assay; Promega). Renilla and luciferase activities are measured in the same assay, and the former is used as an internal control for the transfection efficiency. The transcriptional activities of the constructs in the dual luciferase assay are calculated as the ratio of renilla and luciferase activities. When indicated, we cotransfected an expression vector that encodes a mutant TBP (TBP AS ) that favors the variant sequence TGTAAAA (25) . Two amounts were used (25 and 50 ng), which gave ), but we demonstrate in this study that the motif is in fact CATATAA (positions 1 to 7).
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the same relative increase in transcription activity of the mutants tested. Control cotransfections were performed with a wt TBP expression plasmid (TBP wt ). Virus stocks and virus replication. C33A cells were calcium phosphate transfected with 5 g of the pLAI molecular clones to produce virus stocks as described previously (6) . The virus concentration was determined by the CA-p24 enzyme-linked immunosorbent assay as described previously (9) . For virus replication, SupT1 cells (1.25 ϫ 10 6 /5 ml) were infected with 20 ng of CA-p24 virus stock, and CA-p24 production was monitored over time.
Virus competition experiments, proviral DNA isolation, and sequencing. Competition experiments were conducted with SupT1 T-cells to determine the fitness of TATA box mutants relative to the parental wt virus (26) . Pairwise competitions were started at a 1:1 ratio and were performed six times with two independent virus stock preparations. Total cell DNA was isolated from approximately 0.25 ϫ 10 6 cells in order to sequence the LTRs of the integrated proviruses and to determine the frequency of each competitor. Cells were solubilized in 500 l of lysis buffer (10 mM Tris [pH 8.0], 1 mM EDTA, 0.5% Tween 20, and 5 ng of proteinase K per ml) for 1 h at 56°C and 10 min at 95°C. Proviral LTR sequences were PCR amplified and sequenced with the T7 DYEnamic direct cycle sequencing kit (Amersham) as described previously (26) . We determined the relative pairwise fitness by comparing the initial and final ratios of the viral genotypes (26) .
RESULTS
The T/A polymorphism is at position 5 of the TATA box and is compatible with transcription. We tested several TATA box mutations (Table 1) in HIV-1 subtypes B and E in transienttransfection assays for their effect on transcriptional activity. Due to realignment of the TATA box (see below), the first position has been shifted two nucleotides upstream to the C at position Ϫ30 (relative to the transcription start site), and this numbering will be used throughout this study. The first set of mutants was designed to elucidate the importance of the TATA box for transcription and whether we could exchange the TATA box sequences of subtypes B and E. Position 5 in the TATA box was changed into all three other possible nucleotides (A, G, and C for subtype B and T, G, and C for subtype E). As a negative control, we mutated the TATA box of each subtype into the nonsense sequence CTACGAT (NS mutants). LTR-luciferase transfection assays were performed with two cell types (C33A and HeLa) either with or without the transactivator protein Tat. The results for subtype B and E are shown in Fig. 2 and 3 , respectively. TATA box mutations have only a minor effect on the basal level of transcription, which is consistent with previous results obtained with other LTR mutants (3). The transactivator protein Tat induces the wt LTR promoter approximately 100-fold over basal activity, but major defects in Tat-induced LTR activity were observed for some of the TATA mutants. The T/A polymorphism at position 5 is compatible with high-level transcription, but all other mutants (5C, 5G, and NS) were largely inactive. In fact, one could regard the TATA box as a Tat-responsive motif because it is more critical at Tat-induced high levels of transcription. Similar results were obtained in the subtype B and E contexts. This shows that position 5 is important for transcription but that both subtypes accept the T/A sequence variation that naturally occurs in subtype E (100% A) versus all other subtypes (T). The results for the NS mutants indicate that transcriptional activity is negligible when the TATA box is eliminated. (Table 2) , the results seem to be incompatible with the original TATA box designation, in which the T/A polymorphism in subtypes B and E occurs at position 3. In addition, it has been shown that introduction of an A at position 3 in a model system leads to a complete loss of promoter activity (Table 3 ). This apparent contradiction can be solved by a 2-nucleotide upstream realignment of the HIV-1 TATA box to a CATA box. Consequently, the T/A polymorphism is present at position 5. The same sequence variation is present in cellular promoters with a prevalence of 31% T and 69% A (Table 2) , and both variants are transcriptionally active (Table 3) . Furthermore, G or C is never present at position 5 in pol II promoters (Table 2) , and both are inactive in mutant cellular promoters (Table 3 ) and the HIV-1 LTR (Fig. 2 and 3) . Thus, the 2-nucleotide realignment can explain the T/A polymorphism in subtypes B and E.
The T/A polymorphism at position 5 in the TATA box is compatible with virus replication. The first set of TATA mutations were inserted into the LAI molecular clone, a CXCR4-using primary isolate belonging to subtype B, and tested for virus replication on the SupT1 T-cell line (Fig. 4) . Two mutants (5T and NS) were also inserted into the hybrid LAI molecular clone with the subtype E LTR. The results are fully consistent with the transient luciferase assays. The T/A sequence variation at position 5 of the TATA box is compatible with efficient virus replication, in the LTR contexts of both subtypes B and E. In contrast, the C/G virus variants are fully replication impaired, and the same result was obtained with the TATA box-inactivating mutant NS.
HIV-1 uses a CATA box for transcription and viral replication. A second set of mutations was made to confirm the hypothesis of a 2-nucleotide upstream realignment to the CATA box. These "new" position 1 and 2 nucleotides were mutated in the LTRs of subtypes B and E to determine their contribution to transcriptional activity. We show only the results of the LTR-luciferase assays with Tat. At position 1, all four nucleotides are compatible with efficient LTR transcription (Fig. 5) . Position 2 is more important, as the 2G mutant reduced LTR activity to 41 and 46% in the subtype B and E contexts, respectively. The double mutant 1T2G further decreased LTR activity to 18% in subtype B, and transcriptional activity in the subtype E LTR was comparable to that of the 2G mutant. We also tested the separate 1T and 2G mutations in subtypes B and E for the effect on viral replication. The replication results are consistent with the transcription results; the 1T mutation does not affect virus replication, but the 2G mutation abolished viral replication (Fig. 6) . The first position is indeed one of the most flexible sites in cellular TATA boxes, in terms of both the presence of all four nucleotides and the effect of mutations on transcriptional activity (Tables 2 and 3 ) (7, 30) . The results presented for the HIV-1 LTR follow this pattern. The 2G mutation strongly affects LTR activity and viral replication, which is expected given the 1% occurrence in cellular pol II promoters and the negligible 3% activity of such a mutant in other studies (Tables 2 and 3) .
We also mutated position 4 (the "old" position 2) in the CATA box from A to G, which reduced LTR activity to 12 and 19% for subtypes B and E, respectively (Fig. 5 ). This mutation abolished virus replication in both LTR contexts (Fig. 6 ). This result is expected for a position 4 nucleotide (Tables 2 and 3) , although it does not provide evidence against the old position 2 classification.
TATA box inactivation by mutation of position 2 can be rescued by a mutant TBP. To further validate the proposed 2-nucleotide upstream realignment to the CATA box, we tried to rescue LTR-luciferase activity of the 2G mutants by cotransfection of a corresponding mutant TBP (TBP AS ). TBP AS contains three amino acid substitutions compared to TBP wt and binds efficiently to the variant TGTAAAA sequence (25) . TBP AS should thus be able to rescue transcription of the 2G mutants if the hypothesis of the realigned CATA box is correct. We were able to significantly increase transcription of both the 2G and 1T2G mutants in the subtype B and E LTRs by cotransfection of TBP AS (Fig. 7) . The activity of the 4G mutation in the subtype E CATA box was slightly improved by TBP AS , although activity remained very low. The LTR activity of the 4G mutation in subtype B was not significantly increased by TBP AS . The combined results indicate that TBP indeed interacts with the realigned CATA box and that the 2-nucleotide upstream shift is justified.
The HIV-1 CATA box can be improved for viral replication by a point mutation. We have demonstrated that the subtype E LTR promoter is functional despite the T/A sequence polymorphism because it uses the CATAAAA box. It is neverthe- Transcription is impaired through mutation of position 2 in the CATA box. Shown are six CATA box mutants in the subtype B and E contexts. C33A cells were transfected with the indicated LTR-luciferase plasmids and Tat plasmid. Luciferase activity was measured at 2 days posttransfection. All values were related to the wt activity, which was arbitrarily set at 1 in the subtype B (A) and subtype E (B) contexts. The significance of changes in promoter activity with respect to the "parental" CATA box was determined by using a paired t test (***, P Ͻ 0.001). Error bars indicate standard errors.
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HIV-1 USES A CATA BOX FOR TRANSCRIPTION 6887 less striking that this T-to-A change at position 5 is seen exclusively in this subtype and some recombinant AG strains, which suggests that it is not a selectively neutral mutation. Replication assays are often not sensitive enough to determine small fitness differences between two virus variants. We therefore performed pairwise competition experiments with four active virus mutants against the wt "parental" virus. The 5A mutation in subtype B changes the CATATAA box (subtype B wt) into the CATAAAA box (subtype E wt), but this mutant is out-competed by the parental virus and is thus less fit ( Table  4) . The same comparison in the subtype E context yields the identical result; the CATATAA variant out-competes the CA TAAAA virus (Table 4 ). The latter result is surprising because it means that the 5T mutant is more fit than the parental E virus. The CATA box of subtype B can also be improved for its replication function. The 1T mutant changes the CATATAA box of subtype B into the sequence TATATAA, which appar- There were significant differences only between cotransfections with TBP AS and TBP wt , which were determined by a paired t test (*, P Ͻ 0.05; **, P Ͻ 0.01; ***, P Ͻ 0.001; n.s., not significant). Error bars indicate standard errors. ently increases viral fitness (Table 4) . However, this effect is context dependent, because the 1T mutation in the subtype E CATA box (CATAAAA to TATAAAA) decreases viral fitness. These combined results indicate that it is possible to increase the virus replication rate by distinct point mutations in the CATA box (subtype E, CATAAAA [wt]) Ͻ CATATAA; subtype B, CATATAA [wt] Ͻ TATATAA). Therefore, since there is room for improvement, the CATA box of HIV-1 seems to be tuned for a suboptimal replication rate, which might, however, be optimal in vivo.
DISCUSSION
There are apparent differences in the genetic make-ups of the LTR transcriptional promoters of the HIV-1 subtypes that are observed in the current pandemic. An intriguing sequence polymorphism is present in the TATA boxes of all subtype E isolates and several recombinant AG strains, which contain the sequence TAAAAGC, whereas all other subtypes have the regular TATAAGC box. The subtype E TAAAAGC box is remarkable because a T-to-A change at the third position is known to abolish all transcriptional activity in other promoters (7, 30) . In this study, we provide an unexpected explanation for this phenomenon. We demonstrate that the TATA boxes of all HIV-1 viruses have been mapped incorrectly. The true motif starts 2 nucleotides further upstream (CATAAAA), such that the subtype E polymorphism is at position 5 and therefore is compatible with promoter activity. The evidence for the realigned CATA box is threefold. First, we determined that the T/A polymorphism does not affect LTR promoter activity in subtypes B and E but that a C or G substitution abolishes promoter activity and virus replication. This pattern is not consistent with the "old" position 3 but is fully consistent with the "new" position 5 in the CATATAA box. Second, the new position 2 nucleotide in the CATATAA box significantly contributes to the transcriptional activity. The new C at position 1 can be replaced without a significant loss of function, which is somewhat unexpected for nucleotide G at position 1 (Tables 2  and 3 ). The stricter sequence specificity of the A at position 2 is fully consistent with the requirements of this TATA box residue. Third, we were able to partially rescue the activity of the 2G promoter mutants by cotransfection of a mutant TBP that selectively binds to the variant TGTAAAA box. These combined results demonstrate that the true TATA box of HIV-1 is in fact a CATA box that starts 30 bp upstream of the transcription start site. This also means that alternative explanations, such as compensatory changes elsewhere in LTR-TAR or a TATA-less promoter, can be dismissed (9, 13) .
A nonconsensus TATA box is present in many cellular pol II promoters (Table 2) , and their prevalence may even be underestimated due to "misalignment" as we have shown here. Within the group of retroviruses there are several species that also have a nonconsensus TATA box. Several types of simian immunodeficiency virus (e.g., SIVcpz) possess the same CAT AAAA box as subtype E of HIV-1. Murine endogenous retrovirus and porcine endogenous retrovirus have an A at position 1 (AATAAAA), and bovine leukemia virus has the motif GATAAAT. HIV-2 and human T-cell leukemia virus type 1 contain the consensus TATA box sequence TATAAAA. This retrovirus survey confirms that some variation in the genetic make-up of the TATA box is possible. Besides the T/A polymorphism in the CATA box, there are many other differences in the LTR transcriptional promoters of the HIV-1 subtypes. For example, subtype C contains three NF-B sites whereas most other subtypes possess two NF-B sites (14) , and subtype E contains a unique 1-nucleotide deletion in the upstream NF-B site that converts this motif into a GA binding protein site (28) . We have recently shown that the TFBS within the U3 region determine the virus replication rate in a subtype-specific manner (26) . In addition, we showed that the activation status of the host cell modulates virus replication in a subtype-specific manner. The origin of these fitness differences of the HIV-1 subtypes is unclear, although adaptation to different cellular environments may be a likely explanation. In this study, we determined a small but significant fitness advantage for viruses with CATATAA over CATAAAA in sensitive competition experiments. This result was obtained for the LTR contexts of both subtypes B and E. The subtype E wt CATAAAA box is thus less fit for virus replication than the standard CATATAA box sequence of all other subtypes. Interestingly, we also determined that fitness of the subtype B virus can be increased by the 1T mutation (CATATAA to TATATAA). Thus, in vitro replication of both subtype viruses can be improved by manipulation of the CATA box. Simlar alterations at positions 1 and 5 in the CATA box were previously identified as escape mutations in studies with transcriptionally impaired HIV-1 variants lacking either all Sp1 motifs or all Sp1 motifs and one NF-B site (23a) .
If point mutations in the HIV-1 CATA box can indeed improve viral fitness, why then have these mutations not been fixed in their respective subtype populations? A possibility is that the replication rate of HIV-1 is selected for optimal performance, which may coincide with a lower-than-maximal replication rate. For instance, transcription levels in virus-infected cells may be fine-tuned to prevent overexpression of potentially toxic proteins. Consistent with this idea is the observation that a modified HIV-1 with a very strong artificial promoter evolves over time, in cell culture, to a variant with a moderately active promoter, coinciding with increased virus replication (12) . There may be many additional reasons for fine-tuning of LTR activity, of which we will mention three examples. First, a too-high replication rate may disturb the complex sequence of events during HIV-1 protein production and virion assembly that eventually results in the budding of infectious viral particles from the cell. Second, the level of TBP expression may vary between different cell types. The CATA box motif of subtypes B and E may therefore be differentially optimized for transcription in a particular cell type, e.g., macrophages or monocytes. Third, a suboptimal CATA box may be more sensitive to transcriptional silencing and may thus have relevance for the issue of latently infected cells, e.g., nonactivated T cells.
